Introduction
============

Mineralocorticoids activate epithelial sodium channels in the distal nephron of the kidney through binding to mineralocorticoid receptors (MR), thereby promoting sodium reabsorption[@B1], [@B2]. Since glucocorticoids may also bind to MR and exert a mineralocorticoid-like action, some protection of MR from their promiscuous access may be needed. The selective binding of mineralocorticoids to MR depends on an enzyme, 11β-hydroxysteroid dehydrogenase (11β-HSD), which catalyzes the conversion of cortisol in humans and corticosterone in rodents to their derivatives with low affinity to MR, cortisone, and 11β-dehydrocorticosterone, respectively[@B3], [@B4].

Types I and II 11β-HSD have been identified. Between them, type II 11β-hydroxysteroid dehydrogenase (11β-HSD II) is co-localized with MR in the kidney[@B5], and its inhibition enhances sodium reabsorption in the distal nephron[@B6]. A congenital deficiency of 11β-HSD II results in a syndrome of apparent mineralocorticoid excess[@B7]. Mice lacking 11β-HSD II are hypertensive, along with marked hypertrophy and hyperplasia of the epithelium of the distal tubule in the kidney[@B8].

However, the pathophysiological significance of the altered 11β-HSD activity has not been established in various hypertensive models. In essential hypertension, the hypertension has been in part attributed to deficient inactivation of cortisol by 11β-HSD[@B9]. Licorice and carbenoxolone may inhibit the activity of 11β-HSD II, allowing glucocorticoids to bind to MR and resulting in sodium retention and hypertension[@B10], [@B11]. In spontaneously hypertensive rats (SHR), one study showed an increase of 11β-HSD activity in the colon and renal medulla[@B12], another study failed to demonstrate alterations of its activity in the kidney[@B13].

The present study was aimed at investigating the regulation of renal 11β-HSD II in various rat models of hypertension. The mRNA level of 11β-HSD II was determined in the kidney of two-kidney, one-clip (2K1C), deoxycorticosterone acetate (DOCA)/salt, and *N*^G^-nitro-[L]{.smallcaps}-arginine methyl ester (L-NAME)-induced hypertension.

Materials and Methods
=====================

1. Development of hypertension
------------------------------

Male Sprague-Dawley rats weighing 150-200 g were used. Rats were kept in accordance with Institutional Guidelines of Experimental Animal Care and Use. Two-kidney, one-clip hypertension was made by constricting the left renal artery with a silver clip having an internal gap of 0.25 mm. Its control group was sham-operated without clipping the renal artery. Deoxycorticosterone acetate/salt hypertension was induced by subcutaneous implantation of silicone rubber containing DOCA (200 mg/kg), one week after unilateral nephrectomy. The rats were then supplied with 1.0% saline to drink. Its control group was also unilaterally nephrectomized and supplied with 1.0% saline to drink, but was without DOCA implantation. The third model of hypertension was made by treatment with L-NAME (100 mg/L drinking water). The control group was supplied with tap water without L-NAME.

They were kept for 4 weeks after inducing the hypertension. Systolic blood pressure was measured indirectly by tail-cuff method on the day of experiment. The trunk blood was collected by decapitation in a conscious state and then centrifuged at 1,500×g for 5 min. The plasma concentration of aldosterone was measured using a commercial radioimmunoassay kit (Diagnostic Products; Los Angeles, CA, USA).

2. RNA isolation and analysis
-----------------------------

After obtaining the trunk blood, the kidneys were rapidly removed. Total RNA was isolated using RNAzol solution according to the single-step method of Chomczynski and Sacchi[@B14]. RNAzol solution contained 0.025 M sodium citrate, 0.5% sarcosyl, 4.0 M guanidium thiocyanate, 0.1 M 2-mercaptoethanol, 0.2 M NaOAc, and phenol (pH 5.0). The concentration of total RNA was determined by the absorbance read at 260 nm. The integrity of RNA sample was confirmed through denaturing agarose gel electrophoresis.

For Northern blotting, RNA samples were resolved by electrophoresis through 8% formaldehyde-1.4% agarose denaturing gel buffered with 20 mM 3-N-morpholinopropane sulfonic acid and 1 mM EDTA (pH 7.4). The RNAs were then transferred overnight from gels to Nylon membrane (MSI; Westboro, MA, USA) using 20×SSC (1×SSC contained 0.15 mol/L NaCl and 0.015 mol/L sodium citrate). The membrane was cross-linked by exposure to UV light for approximately 2 min.

For the determination of 11β-HSD II mRNA levels, DNA probe was prepared using DNA polymerase I (Klenow) in the presence of α-^32^P-dCTP, dNTP mix, and denatured DNA template (25 ng) with Prime-a Gene® random prime labeling system (Promega; Madison, WI, USA). The membrane was prehybridized in a shaking water bath at 42℃ for 4 h in a solution containing 50% deionized formamide, 4×SSC, 100 µg/mL sheared and denatured salmon sperm DNA, 4×Denhardts solution, 0.1% sodium dodecyl sulfate (SDS), and 50 mM sodium phosphate (pH 6.5). The membrane was then hybridized at 42℃ for 16-20 h in the above solution containing approximately 1×10^6^ cpm/µL of 32P-labeled 11β-HSD II cDNA. The rat 11β-HSD II cDNA was kindly provided by Dr. Gomez-Sanchez from Truman Memorial Veterans Hospital (Columbia, SC, USA)[@B15]. After hybridization, the membrane was washed four times for 15 min each at room temperature in washing solution I (2×SSC and 0.1% SDS), and then three times for 45 min each at 42℃ in washing solution II (0.1×SSC and 0.1% SDS). Drugs used were purchased from Sigma Chemical Company (St. Louis, MO, USA), unless stated otherwise. The membrane was then dried under the lamp for 30 min and exposed to X-ray films (O-MAT™, Kodak; Rochester, NY, USA). The mRNA levels were determined by densitometry and normalized with 18S rRNA, using a transmitter scanning videodensitometer (Zenith Video Densitometer, Biomed Instruments; Indianapolis, IN, USA).

3. Statistical analysis
-----------------------

Results were expressed as mean±SEM. The statistical significance of differences between the groups was determined using Student *t*-test.

Results
=======

The blood pressure was significantly higher in the experimental group ([Table 1](#T1){ref-type="table"}). The plasma level of aldosterone was increased in 2K1C hypertension and decreased in DOCA/salt hypertension, whereas it was not significantly changed in L-NAME hypertension ([Table 1](#T1){ref-type="table"}).

The mRNA expression of 11β-HSD II was decreased in the clipped kidney, while increased in the non-clipped kidney in 2K1C hypertension ([Fig. 1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}). It was increased in the remnant kidney of DOCA/salt hypertension ([Fig. 3](#F3){ref-type="fig"}), and decreased in the kidneys of L-NAME hypertension ([Fig. 4](#F4){ref-type="fig"}).

Discussion
==========

Our study demonstrated an altered regulation of 11β-HSD II in the three models of secondary hypertension. The mRNA expression of 11β-HSD II was decreased in the clipped kidney of 2K1C hypertension and in the kidneys of L-NAME hypertension. On the contrary, the expression was increased in the non-clipped kidney of 2K1C hypertension and in the remnant kidney of DOCA/salt hypertension.

It has been shown that the activity and expression of 11β-HSD II are decreased in the kidney in Dahl salt-sensitive hypertension and Lyon hypertension[@B16], [@B17]. Furthermore, 11β-HSD II (-/-) mice demonstrate major features of the syndrome of apparent mineralocorticoid excess, along with striking hypertrophy and hyperplasia of the epithelium of the distal tubule[@B8]. It is likely that the down-regulation of 11β-HSD II has increased the binding of glucocorticoids to MR, resulting in sodium retention and development of high blood pressure in 2K1C and L-NAME hypertension. On the other hand, it has been found that nephrectomy itself does not affect the expression of 11β-HSD II in the remnant kidney[@B18]. Therefore, the up-regulation of 11β-HSD II in DOCA/salt hypertension may play a compensatory role to dissipate the volume expansion and hypertension.

It has been well known that plasma renin activity and aldosterone concentrations are increased in 2K1C hypertension and suppressed in DOCA/salt hypertension. The present study also showed that the plasma level of aldosterone was increased in 2K1C hypertension, and decreased in DOCA/salt hypertension. On the contrary, it was not significantly altered in LNAME hypertension. In the presence of aldosterone in vitro, the catalytic activity of 11β-HSD II is increased in isolated renal cortical collecting ducts[@B19]. In this context, the up-regulation of 11β-HSD II in the non-clipped kidney of 2K1C hypertension may reflect increased activity of the renin-angiotensin-aldosterone axis. The amount of corticosterone going through the 11β-HSD II selectivity filter is likely to be reduced by aldosterone, reinforcing the occupancy of MR. Though having not been completely understood, there exists an interaction between the renin-angiotensin-aldosterone axis and 11β-HSD II[@B20].

Administration L-NAME has been found to increase the plasma level of adrenocorticotropic hormone (ACTH)[@B21]. It was also demonstrated that ACTH dose-dependently decreased the expression and the enzyme activity of 11β-HSD II in human aortic endothelial cells[@B22]. The down-regulation of 11β-HSD II in the kidney may also in part be attributed to the release of ACTH in L-NAME hypertension in the present study. The renal expression of nitric oxide (NO) synthases was decreased in ACTH- and corticosterone-induced hypertension[@B23]. It has been well known that NO inhibits sodium reabsorption in the cortical collecting duct[@B24]. Taken together, L-NAME-induced hypertension may result from an interplay among NO, ACTH and 11β-HSD II.

In summary, our study demonstrates an altered regulation of 11β-HSD II in the kidney in 2K1C, DOCA/salt, and L-NAME-induced hypertension. The down-regulation of 11β-HSD II may contribute to the sodium retention and subsequently to the elevation of blood pressure in 2K1C and L-NAME hypertension, whereas the up-regulation may play a compensatory role to dissipate the sodium retention in DOCA/salt hypertension.
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![Representative Northern blot autoradiograms and densitometric data showing type II 11β-hydroxysteroid dehydrogenase (11β-HSD II) mRNA in the clipped kidney of two-kidney, one-clip rats. The open column represents the control and the hatched column depicts the hypertensive group (mean±SEM of 4 experiments each). ^\*^p\<0.05, compared with control.](ebp-5-89-g001){#F1}

![Representative Northern blot autoradiograms and densitometric data showing 11β-HSD II mRNA in the non-clipped kidney of two-kidney, one-clip rats. The open column represents the control and the hatched column depicts the hypertensive group (mean±SEM of 4 experiments each). ^\*^p\<0.05 compared with control.](ebp-5-89-g002){#F2}

![Representative Northern blot autoradiograms and densitometric data showing type II 11β-hydroxysteroid dehydrogenase (11β-HSD II) mRNA in the remnant kidney of deoxycorticosterone acetate (DOCA)/salt hypertension.. The open column represents the control and the hatched column depicts the hypertensive group (mean±SEM of 4 experiments each). ^\*^p\<0.05 compared with control.](ebp-5-89-g003){#F3}

![Representative Northern blot autoradiograms and densitometric data showing type II 11β-hydroxysteroid dehydrogenase (11β-HSD II) mRNA in the kidney of *N*^G^nitro-[L]{.smallcaps}-arginine methyl ester (L-NAME) induced hypertension.. The open column represents the control and the hatched column depicts the hypertensive group (mean±SEM of 4 experiments each). ^\*^p\<0.05 compared with control.](ebp-5-89-g004){#F4}
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Values are mean±SEM. Numbers of rats were 6 in each group. 2K1C, two-kindey one-clip hypertension; DOCA/salt, deoxycorticosterone acetate/salt hypertension; L-NAME, *N*^G^-nitro-[L]{.smallcaps}-argine methyl ester hypertension; SBP, systolic blood pressure ^\*^p\<0.05, ^†^p\<0.01 compared with control.
